Summary. Serum In a controlled environment of decreased lighting (shortened photoperiod), temperature and food quality, the testes of sexually active adult males regressed at any time of the year, the resultant testicular morphology and endocrine status being identical to that of wild rats in the non-breeding season. Full testicular regression was achieved only when the photoperiod, temperature and food quality were changed: experiments in which only one or two of these factors were altered failed to produce complete sexual regression.
Introduction
Previous studies of wild populations of the Australian bush rat, Rattus fuscipes, have shown that the males of this species have a seasonal reproductive cycle (Warneke, 1971 ; Taylor & Homer, 1973) . During the summer breeding season they exhibit complete spermatogenesis, while in the winter months the spermatogenic cycle is arrested at the primary spermatocyte step. Serum LH, FSH and testosterone levels are significantly lower during the winter than during the breeding season (Kerr, Keogh, Hudson, Whipp & de Kretser, 1980) . The secretory function of Sertoli cells undergoes alteration as reflected by the content of androgen-binding protein in the testis and epididymis which becomes significantly lowered during the non-breeding season (Hodgson, Irby, Kerr & de Kretser, 1979) . Kerr et al. (1980) reported that Leydig cells during the non-breeding season were reduced in size, and showed a loss of smooth endoplasmic reticulum and mitochondria.
To study more fully the factors that control the seasonal reproductive cycle in bush rats, animals were collected at monthly intervals throughout the year for morphological and endocrinological studies. In addition, adult fertile males were placed in a controlled environment room where lighting, temperature and food were experimentally manipulated in an attempt to induce testicular regression.
Materials and Methods

Animals
Throughout 12 months, more than 500 males were live-trapped in the wet sclerophyll forests of the Otway Ranges of Victoria (38°S) using folding aluminium traps (Elliot Scientific Pty Ltd, Upwey, Victoria) baited with rolled oats, peanut butter and honey. Males were returned to the laboratory where they were classified as adult or sub-adult according to their occipital-nasal length, body weight (Warneke, 1971) and by testicular size or histological examination of the testes (Kerr et al., 1980) .
Experiments
Change oflighting. Adult fertile males (N = 40) captured in the wild during the summer months were maintained in a room at 20°C with 14 h light/10 h dark (14L : 10D) for at least 3 months. At a time which was coincidently also the season when natural testicular regression occurs, the lighting for 20 of the males was changed to 6L : 18D for a 2-month period. All (Kerr et a!., 1980) . LH was expressed in terms of NIAMD-rat-LH-Il and FSH concentrations were expressed in terms of NIAMD-rat-FSH-RPl (Lee, de Kretser, Hudson & Wang, 1975) . Serial dilutions of sera and pituitary extracts from the bush rat were parallel to the standard curve. The minimum sensitivities were 0-08 ng LH/ml and 70 ng FSH/ml. The intra-and inter-assay coefficients of variation for LH were 6-0% and 12%, respectively and for FSH they were 40% and 7-0%. Serum testosterone was measured with an RIA in which the antiserum was used against testosterone-3-carboxy-methoxime, coupled to porcine thyroglobulin. There was a 95% cross-reactivity with 5 a-dihydrotestosterone and the intra-and inter-assay coefficients of variation were 70% and 160% respectively. The minimum sensitivity was 0-02 ng/ml. (Risbridger, Kerr & de Kretser, 1981 ). The specific activity was 40 Ci^g for ' 25I-labelled hCG and 50 µ ^f or ' 25I-labelled FSH. The results were expressed as the amount of hormone bound per 100 mg wet weight of tissue or as hormone bound per testis.
In-vitro oestradiol binding to testicular cytosols
The animals were killed by decapitation and the testes immediately excised and trimmed free of connective tissue and fat. After recording the weight, the testes were decapsulated and placed into ice-cold buffer. All subsequent procedures were carried out at 4°C. The tissues were hand homogenized to a concentration of 1 g/4 ml TEM buffer (001 M-Tris, 1-5 mM-EDTA and 5 mM-2-mercaptoethanol), using a Teflon/glass homogenizer. The homogenates were centrifuged at 105 000 g for 60 min to obtain a cytosolic supernatant that was assayed immediately or stored at -20°C for no longer than 7 days. Protein concentrations of the cytosols were determined by the method of Bradford (1976) . The specific binding of oestradiol to testicular cytosols was assessed in vitro using the charcoal adsorption technique described by Abney (1976) . Results were expressed as oestradiol bound per mg protein or as oestradiol bound per testis.
Morphology
The testes from animals anaesthetized with ether were fixed by vascular perfusion through the thoracic aorta with a mixture of 2-5% glutaraldehyde, 2-0% formaldehyde and 0-05% trinitrocresol buffered to pH 7-4 with 0-2 M-cacodylate. Post-fixation of 1 mm3 tissue blocks in 2-0% osmium tetroxide in 0-2 M-cacodylate buffer was followed by alcohol dehydration before the tissue was embedded in an Epon-araldite mixture. Sections (1 µ ) were stained with toluidine blue and examined by light microscopy. Thin sections for electron microscopy were examined using a Jeol 100S electron microscope. Cytoplasmic oestradiol receptors. There was a significant (P < 0-05) decrease in cytoplasmic oestradiol receptors in preparations from regressed testes compared to those from fertile testes when the data were expressed as oestradiol per testis (Table 2) . Fig. 1 ). As the testes regressed in March-May, the diameter of the tubules became smaller (83-0 ± 1-2 µ ) due to a gradual decline in spermatogenesis, with the lumen of the tubule ultimately becoming obliterated by Sertoli cell cytoplasm. From June-August, spermatogenesis was arrested at the primary spermatocyte step, the tunica propria surrounding the seminiferous tubules was thickened and convoluted, and there was an accumulation of many lipid droplets within the seminiferous tubule (PI. 1, Fig. 2 ). With the reinitiation of spermatogenic activity, during September-October, the number of lipid droplets decreased and the lumen was re-established within the tubule. PLATE 1 Fig. 1 Leydig cells. During the breeding season the Leydig cells were of maximum cross-sectional area (96-3 ± 7-1 µ 2 (s.e.m.)) and contained abundant numbers of cytoplasmic organelles. As testicular regression proceeded during March-May, Leydig cells became reduced in cross-sectional area (52-7 ± 3-7 µ 2) and there was a concomitant decline in the content of the organelles within their cytoplasm. In particular, a reduction in the numbers of mitochondria and membranes of smooth endoplasmic reticulum was observed in association with declining spermatogenic activity. A progressive increase in the number and size of Reinke-like crystals was observed within the atrophied cell (PI. 2, Fig. 3 ). During reinitiation of spermatogenesis there was an increase in Leydig cell size, a disappearance of the cytoplasmic crystals and an increase in smooth endoplasmic reticulum and numbers of mitochondria.
Experimental regression
Change of lighting. The change in lighting from 14L:10D to 6L:18D for 2 months had no effect, compared to values for animals kept in 14L : 10D, on mean + s.e.m. body weight (172 ± 6 and 194 + 18 g, respectively) , testicular weight (6-6 ± 0-3 and 71 + 0-7 g), ventral prostate weight (405 + 25 and 385 + 120 mg), seminal vesicle weight (672 + 40 and 728 ± 48 mg), or concentrationsofserumLH(l-75 ± 0-5 and 1-6 + 0-3 ng/ml) and testosterone (2-8 + 0-7and2-2 + 0-2 ng/ml).
Change in lighting and temperature. When light and temperature were decreased to 6L : 18D and 12°C for 2 months testicular length was significantly (P < 0-05) decreased from 27-8 ± 0-8 mm in 36 control animals to 22-8 + 0-8 mm in 39 animals that were kept in decreased photoperiod and temperature. However, even though there was a significant decrease in testicular size, the testicular regression was not as great as the decrease from 28-6 + 0-3 to 14-1 + 0-3 mm found in the wild population (Text- fig. 2a ).
Changes in lighting, temperature and food quality. Because the protein content of food consumed by the wild rats is decreased during the time when the testes are regressing (Warneke, 1971) , the rats were fed a low protein diet in combination with a decrease in photoperiod and temperature in an attempt to cause the same degree of testicular regression in the laboratory as that found in the natural environment. Due to a high mortality rate (75%) when the temperature was decreased abruptly from 20 to 12°C, the light and the temperature were gradually decreased in a step-wise manner when the diet was changed to a low protein content as shown in Text- fig. 1 . After the first 34 days body weight and combined testicular weight were significantly (P < 001) decreased compared with controls (Text- fig. 4a ). Prostate and seminal vesicle weights (Text- fig. 4b ) and serum LH and testosterone (Text- fig. 4c ) were significantly (P < 001) lower than those of controls after 17 days of treatment. Morphological examination of the testes showed a cessation of spermatogenesis after 54 days, with lipid accumulation in the Sertoli cells and the appearance of crystalloid inclusions within the atrophied Leydig cells. The morphology of the Leydig cells in experimentally regressed testes (PI. 3, Fig. 4 ) was identical to Leydig cells found in the naturally regressed testes (PI. 2, Fig. 3 ). These results demonstrate that testicular regression in the laboratory, similar to that found in the wild, can be achieved with an appropriate combination of decreased temperature, photoperiod and protein content of the diet. The testicular regression in this experiment occurred during the spring when testicular redevelopment was taking place in the wild populations.
Changes in food quality. Since it has been reported that young laboratory rats maintained on a low protein diet have smaller testes than controls fed normal rat chow (Glass, Mellitt, Vigersky & Swerdloff, 1979) , it was possible that the decrease in testicular size in the rats maintained in conditions of decreased lighting, temperature and food quality was due entirely to the decrease in food quality with lighting and temperature having little or no effect. Therefore, 5 adult rats were kept for 10 weeks at 20°C, 14L : 10D and fed the low-protein diet as previously described. Although there was a significant (P < 005) decrease in testicular length and weight (25-4 ± 0-9 mm and 6-2 fig. 2 ).
Discussion
The observations in this study on the wild-trapped rats confirm and extend previous studies that male bush rats are seasonal breeders (Warneke, 1971 ; Taylor & Homer, 1973; Kerr et al., 1980 (Lincoln & Peet, 1977) in which serum testosterone levels rose in parallel with an increase in testicular growth, as in this study, but were out of phase with LH levels which were declining at the same time. Lincoln & Peet (1977) Dalterio, 1978) . The actual role of oestrogen in the testes has yet to be elucidated, but there is evidence that a testicular oestrogen receptor is located in the interstitial tissue (Mulder, van Beurden-Lamers, Brinkman, Mechielsen & Van der Molen, 1974 In this study of males with naturally and experimentally regressed testes, and as previously reported by Kerr et al. (1980) , the appearance of these crystalloids during periods of testicular regression is associated with a hypogonadotrophinism and low serum levels. Conversely, this study shows a disappearance of the crystalloids concomitant with an increase in serum gonadotrophin levels. Clearly, the increase in size and numbers of the crystalloids found in the Leydig cells during the period of regression occurs when there is a loss of steroidogenic activity, but the physiological significance of these crystals is unknown.
In the present study, attempts were made to induce testicular regression by experimental manipulation. Unlike the results for hamsters (Hoffman, Hester & Towns, 1965) and voles (Grocock, 1980) , alteration of photoperiod alone did not result in testicular regression in bush rats. Combinations of shortening daylength and decreasing temperature induced partial regression as indicated by a declining testicular size but it required, in addition, a reduced protein intake to cause a complete regression. The fact that protein deprivation in the absence of changes in daylength and temperature also failed to induce a similar degree of testicular regression indicates that the effects on the testes are not those simply associated with the dietary change as has been described for laboratory rats (Glass et ai, 1979 ). Because we were only interested in whether a protein content of the diet was sufficient to cause testicular regression, hormone levels were not measured. It is, however, quite clear from the size and weight of the testes that a decreased food quality alone is unlikely to be the sole cause of testicular regression in the wild population. It is very likely that nutritional factors are an important factor in the natural seasonal regression of testes seen in these animals since the bush rat has a summer diet consisting of mainly seeds and arthropods which supply a rich source of carbohydrates, fats and proteins. The protein content is decreased in the winter diet which primarily consists of fibrous plant tissue and fungi (Warneke, 1971) . From the data presented here, it would seem that the changes in the state of the testes involve changes in daylength, diet and environmental temperature. The relative importance of these has yet to be determined. However, testicular regression of adult males can now be induced in the laboratory to a condition in which the testicular morphology and endocrinology are similar to those in males with naturally regressed testes. It is therefore possible to make direct comparisons between regressed testes and fertile testes in in-vitro and in-vivo experiments at any time of the year.
